Introduction
[2] The El Niño Southern Oscillation (ENSO) is the most prominent mode of large-scale variability in the global climate system. The associated changes in tropical convective precipitation give rise to changes in atmospheric circulation around the globe via Rossby wave propagation [Hoskins and Karoly, 1981] . These global ENSO teleconnections act as an atmospheric bridge through which the remote atmospheric response to ENSO impacts the underlying sea surface temperature (SST) fields via fluxes of radiative (longwave+ shortwave) and turbulent (latent+sensible) energy as well as horizontal ocean heat transport due to Ekman currents [Alexander et al., 2002] . In the tropical Indian and Atlantic Oceans, the SST anomalies associated with ENSO are primarily driven by surface turbulent heat fluxes as well as by shortwave radiation [Klein et al., 1999] while heat advection by horizontal Ekman currents is thought to have a relatively minor impact. In the extratropical North Pacific, the ENSOrelated turbulent heat fluxes are also largely responsible for generation of the associated SST anomalies, but the Ekman heat fluxes become more dominant than shortwave radiation outside of the subtropics [Alexander et al., 2002] .
[3] In the extratropical Southern Hemisphere (SH), the mechanisms that drive ENSO teleconnections to the ocean mixed layer are less understood. The relationships between ENSO, SST, turbulent and Ekman heat flux anomalies have been presented in only a few studies [Verdy et al., 2006; Ciasto and Thompson, 2008] , but the impact of radiative heat fluxes has not been assessed outside of the subtropics [Klein et al., 1999] . Furthermore, the extent to which turbulent, radiative and Ekman fluxes account for fluctuations in SST anomalies has not been quantified due, in part, to the lack of reliable flux products over the SH mid and high latitudes. As the SH oceans remain the most poorly sampled regions around the globe, the most comprehensive flux products available are reanalysis fields such as those provided by the National Center for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) and the European Center for Medium-Range Weather Forecasts (ECMWF), which have continuous global spatial and temporal data coverage. The reanalysis-derived turbulent heat fluxes are calculated solely from model-forced fields and often exhibit large uncertainties [Josey, 2001; Sun et al., 2003] , but have been shown to agree well with observed SST patterns associated with large-scale modes of SH atmospheric variability [Screen et al., 2010] . In this study, the heat budget of the SH ocean mixed layer associated with ENSO is examined, focusing on the relative contributions of radiative, turbulent and Ekman heat fluxes to SST variability. Each ENSO-related flux component is compared between several of the most commonly used flux products to determine where the most robust features of the ENSO teleconnections are observed and also where the largest discrepancies exist. The total air-sea heat and Ekman flux fields are then compared to the tendency in SST anomalies to determine the fraction of the ENSO-related SST signal that is captured by radiative, turbulent and Ekman heat fluxes.
Data and Methods
[4] In this study, we use ERA-40 [Uppala et al., 2005] and NCEP-2 [Kanamitsu et al., 2002] re-analyses, which consist of in situ observations and satellite data that are quality controlled using an assimilation system. The 500 hPa geopotential height (Z 500 ) and surface wind stress fields (the latter are used to derive Ekman heat fluxes) are primarily obtained from observations. The turbulent heat fluxes from ERA-40 and NCEP-2 are derived from bulk flux algorithms using model-forced fields but employ different boundary parameterizations. NCEP-2 radiative heat fluxes rely on satellite retrievals, which estimate vertical temperature and humidity profiles through a series of empirical and statistical relationships, whereas ERA-40 products assimilate the raw satellite radiances. Turbulent heat fluxes are also obtained from the Objectively Analyzed air-sea Fluxes (OAFlux) project, which rather than using a single source, objectively blend data from NCEP and ECMWF re-analyses as well as satellite and in situ data [Yu and Weller, 2007] . Surface radiative heat fluxes and cloud cover are obtained from International Satellite Cloud Climatology Project (ISCCP) and are calculated from a radiative transfer model in the NASA GISS general circulation model [Zhang et al., 2004] .
[5] Monthly-mean SST data were taken from the National Oceanic and Atmospheric Administration/Optimum Interpolation (OI) dataset [Reynolds et al., 2002] , which are derived from a blended objective analysis of both in situ and satellite observations. Mixed layer depths are taken from the Ocean Mixed Layer Depth Climatology [de Boyer Montégut et al., 2004] and are defined as the upper-most depth at which temperature differs from the temperature at 10 m by 0.2°C. ENSO is defined as monthly SST anomalies averaged over the NINO 3.4 region. This study focuses on the austral warm season (November-April) when ENSO teleconnections to SH SST anomalies are strongest. The analysis is also restricted to 1979-2008 when re-analysis products are best constrained by both in situ and satellite data [Bromwich and Fogt, 2004] .
Components of the ENSO Mixed Layer Heat Budget
[6] Maps formed by regressing anomalous warm season shortwave radiative heat fluxes (shading) and cloud cover (contours) onto standardized values of the NINO3.4 index are shown in Figure 1 (top) . The ERA-40, NCEP-2 and ISCCP products each exhibit increases in shortwave radiation in the western Pacific that are consistent with the anomalous reduction in cloud cover associated with the eastward shift of the weakened Walker Circulation during the warm phase of ENSO [Klein et al., 1999] . The positive ERA-40 and NCEP-2 anomalies are confined primarily along 30°-40°S, 180°E-230°E, but the positive ISCCP anomalies extend further poleward and eastward into the central Pacific. In the eastern Pacific/Atlantic, negative anomalies are evident in the ISCCP and ERA-40 products but not in the NCEP-2 reanalysis. The magnitudes of the shortwave radiation anomalies are similar amongst the flux products, but tend to be stronger in the NCEP-2 reanalysis. In contrast, ENSO-related longwave radiation (Figure 1 , bottom) exhibits relatively weak variability, with only modest negative anomalies in the western Pacific and Indian Ocean, the latter only observed in the ISCCP data.
[7] Given that the atmospheric circulation associated with ENSO is equivalent barotropic, Z 500 anomalies can be used to infer the patterns of near-surface atmospheric flow, revealing a broad consistency with the patterns of turbulent heat flux anomalies derived from NCEP-2, ERA-40 and OAFlux (Figure 2 ). Positive turbulent heat flux anomalies coincide with the anticyclonic circulation while negative heat flux anomalies coincide with the cyclonic circulation. However the degree of spatial coherence between the Z 500 and heat flux anomalies varies between flux products. The OAFlux and NCEP-2 turbulent heat fluxes, which are nearly identical to the NCEP-1 turbulent heat fluxes shown by Ciasto and Thompson [2008] , are more sparse and localized. The ERA-40 turbulent heat fluxes provide the strongest agreement with the atmospheric circulation, encompassing larger regions under the Z 500 anomalies. The amplitudes of the turbulent heat fluxes are strongest in NCEP-2, particularly south of Africa where amplitudes are 2-3 times stronger than those observed in the ERA-40 fluxes. Stronger agreement exists between the re-analysis products with regard to the ENSO-related Ekman heat fluxes, which are derived by calculating the product of the curl of the horizontal wind stress and the gradient in SSTs. Positive (negative) Ekman heat fluxes can be attributed to warm (cold) water advection driven by poleward (equatorward) Ekman transport induced by the anomalous easterlies (westerlies) in the lower atmosphere. The amplitudes of the Ekman heat fluxes are strongest in ERA-40 and weakest in OAFlux, but are generally of comparable, if not stronger, magnitude relative to the turbulent heat fluxes.
[8] The extent to which the radiative, turbulent and Ekman heat fluxes contribute to ENSO-related SST variability is assessed using a simplified thermodynamic relationship in which the governing equation for the surface temperature tendency is expressed as:
where Q RHF , Q THF and, Q Ek are the radiative, turbulent and Ekman heat fluxes, respectively, c p is the heat capacity of seawater (4218 Jkg −1 K −1 ), r is the density of seawater (1000 kgm −3 ) and H is the climatological mean warm season mixed layer depth. Eddy processes, Ekman pumping and horizontal heat advection via geostrophic currents are effectively constrained in the residual term R. In the analysis below, the tendencies in OISST anomalies (Figure 3a) , calculated as the difference between the regressions of SST anomalies onto ENSO when SSTs lead and lag by 1 month, are compared to the flux-derived temperature tendencies (first term on right-hand side of equation (1)) from each of the flux products (Figure 3b, top) . The results in Figure 3a are not sensitive to the choice of the time interval used to calculate the SST tendency term and are qualitatively similar to those obtained when SST data from the Hadley Centre Met Office are used.
[9] In the Pacific, the tendencies in ENSO-related SST anomalies are characterized by positive anomalies equatorward of New Zealand and west of South America and negative anomalies poleward of New Zealand and in the central subtropics. In the Atlantic and Indian oceans, negative (positive) tendency anomalies are observed along 50°S (30°S). A similar pattern arises in the ERA-40 flux-derived temperatures (Figure 3b, top left) although the amplitudes are generally larger than the SST tendency anomalies. Consequently, the associated residual fields (Figure 3b , bottom left) exhibit negative anomalies, but are localized and lack a coherent large-scale structure, suggesting that the ERA-40 flux anomalies are able to capture a significant fraction of the ENSO teleconnections to SH SSTs. The patterns of NCEP-2 and OAFlux/ISCCP flux-derived tendencies do not project as strongly onto that of tendencies in SST anomalies. The larger residuals (Figures 3b, bottom middle and 3b , bottom right) appear to arise from discrepancies in the turbulent and shortwave radiative heat fluxes. Relative to ERA-40 fluxes, the shortwave radiation is stronger in the NCEP-2 reanalysis and more widespread in the ISCCP data. The NCEP-2 and OAFlux turbulent heat fluxes are weaker than the ERA-40 fluxes under the cyclonic Z 500 anomalies but substantially stronger around Australia and Africa. As a result, the signature of the ENSO teleconnections to the SH surface mixed layer is less discernible in the flux-derived tendencies derived from either the NCEP-2 or OAFlux/ISCCP data.
Summary and Discussion
[10] This study utilizes several reanalysis products to examine the role of turbulent, radiative and Ekman heat fluxes on SST variability associated with the extratropical SH atmospheric response to ENSO. Shortwave radiative heat fluxes exhibit a significant contribution to SST variability in the subtropical Pacific but are negligible at higher latitudes. In the extratropics, surface turbulent and Ekman heat fluxes contribute equally to ENSO-related SST variability, a result that is unique to the SH; in the North Pacific, for example, Ekman heat fluxes are necessary to obtain the correct structure and magnitude of the ENSO-related flux patterns but the magnitudes are half that of the turbulent heat fluxes. The overall contributions of turbulent, radiative and Ekman heat fluxes to ENSO-related SH SST variability are similar between the OAFlux/ISCCP, NCEP-2 and ERA-40 reanalysis products, but there is disagreement in terms of the structures of turbulent heat and shortwave radiation, which could be due to inconsistencies in the boundary layer parameterizations in the flux algorithms [Renfrew et al., 2002] and the differing methods used to derive the radiative heat fluxes.
[11] Comparisons between tendencies in SST and fluxderived temperatures from each flux product reveal residuals that could result from a number of factors. First, there are known biases in the reanalysis flux products [Sun et al., 2003] . Second, the mixed layer depths used in equation (1) are based on a 6-month climatological mean, encompassing a substantial seasonal cycle. However, similar results are obtained when the analysis in Figure 3 is repeated by calculating flux-derived temperatures for each month in November-April separately and then averaging over the 6-month period, suggesting that our choice of H is reasonable. Third, the ocean mixed layer budget in equation (1) neglects the effects of vertical entrainment and Ekman pumping which can dampen SST [Frankignoul, 1985] this could thus explain why flux-derived temperature tendencies are observed along coastal regions (e.g., New Zealand, South Africa and Australia) in the absence of SST variability. The discrepancy between SST and flux anomalies along coastal regions may also be due to the exclusion of eddy fluxes and/or mean advection by non-Ekman ocean currents. While these mechanisms not explicitly included in equation (1) may impact ENSO-related SST variability, a comparison between the temperature tendencies derived from each flux product and the tendencies in SST anomalies reveals mostly small residuals (particularly in the ERA-40 data), suggesting that the ENSO signal in the SH SST field can be effectively captured by the turbulent, Ekman, and radiative heat fluxes.
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